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Introduction
Many technical barriers still hinder industrial-scale SCWG. For example, salts in heterogeneous 23 feedstocks precipitate in SCW and corrode or foul reactor components. Char formation is also common, 24 especially when high concentrations of aromatic compounds are present. Workarounds are available for the 25 fouling and clogging problems, however the materials, designs, and processing regimes required tend to be 1 too costly to implement at the industrial scale. For example, char formation can be avoided by running at 2 low feedstock concentrations (e.g. 1 wt%), but such a processing regime is too energetically costly to be 3 feasible. 4
Among the many challenges hindering successful implementation of SCWG at the industrial scale 5 is a better understanding of chemical reactions for accurate process simulation and modeling Accurate 6 knowledge of reaction mechanisms and physical transport properties of common molecules present during 7 SCWG allow more novel methods for controlling char formation and reactor fouling to be conceptualized, 8 modeled, designed, and implemented. Basic knowledge of these fundamental phenomena is an important 9 step towards designing robust SCWG reactors for industrial-scale waste treatment and hydrogen 10 production. 11 12
Batch vs. Continuous Reactors 13
The study of reaction chemistry in continuous supercritical water reactors (SCWRs) is of particular 14 interest. Many past studies of model alcohol decomposition in SCW have been conducted in non-reactive, 15 quartz batch reactors [7, 8] . While experiments in batch reactors yield important scientific insights, batch 16 reactors have different catalytic and mass transfer behavior than continuous reactors [8, 9] . Continuous 17 operation is preferred for an industrial-scale system in order to maximize process throughput and yields. 18 Briefly, most continuous reactors are constructed from nickel-base alloys, which are catalytic to gasification 19 reactions. Flow-through operation in tubular reactors increases the interaction of reactants with catalytic 20 reactor walls, especially when the flow regime is turbulent. Finally, reactants in a batch system typically 21 require >60 s to reach reaction temperatures, which creates challenges in interpreting chemical reaction 22 behavior, while continuous reactors can facilitate near-instantaneous reagent heating to reaction 23
temperatures. 24
Studies of reaction chemistry in continuous reactors allows for (i) simulating reaction behavior in 25 practical systems, (ii) in situ data collection for rapidly conducting experiments at short or long residence 26 times [10] , and (iii) near-instantaneous reactant heating and mixing using post-critical injection to achieve 1 a clear reaction starting point [11] . However, it must be noted that inert wall batch reactors offer an 2 opportunity to characterize SCWG chemistry in the absence of a catalytic surface; these are useful 3 benchmarks for understanding the influence of catalysis on the reactions. 4 5
SCWG of Model Alcohols 6
According to Chakinala et al. [12] , ethanol and methanol are stable in SCW at temperatures up to 7 600 °C in the absence of a catalyst. This claim suggests that thermal, unimolecular decomposition of 8 primary alcohols is unlikely in SCW at temperatures below 600 °C. In a study using a batch autoclave 9 reactor, ethanol is reported to produce the highest yield of gaseous products among all alcohols, followed 10 by methanol. All higher chain alcohols were reported to yield lower quantities of gas due to the formation 11 of refractory liquid products. Broadly, all previous studies of primary alcohol gasification in SCW have 12 found that higher temperatures and longer residence times increase conversion to gaseous products, while 13 variations in pressure produce no measurable effect. 14 15
Methanol Gasification 16
Several studies have investigated methanol decomposition in SCW. Boukis et al. [13] reformed 17 methanol in an Inconel 625 continuous, tubular SCWR at 400 to 600 °C, residence times from 3 to 100 s, 18 and initial methanol loadings from 5 to 64 wt%. H2, CO, CO2, and trace amount of CH4 were detected in 19 the gaseous product. Bennekom et al. [14] gasified methanol in a continuous reactor at temperatures 20 between 450 and 650 °C for residence times between 6 and 173 s. Yields of H2, CO, and CO2 were observed. 21
Trace CH4 yields were reported. Analysis of liquid products revealed trace yields of formaldehyde and 22 formic acid. It was hypothesized that both existed as short-lived reaction intermediates, which is consistent 23 with previous research demonstrating formic acid as an intermediate of the WGS reaction [10, 15] . 24
DiLeo and Savage [7] investigated the role of nickel as a catalyst for methanol gasification in SCW. 25
The presence of a nickel wire in a quartz batch reactor increased conversion from 20% after 2 h to 90% 26 after 5 min at 550 °C. It should be noted that nickel catalysis in a continuous reactor is even more significant, 1 as the catalytic effect in the batch setup is limited by the diffusion rate of methanol molecules. H2, CO, and 2 CO2 were the only products consistently detected in the gaseous phase. 3
Chakinala et al. [12] proposed that methanol can decompose to gaseous products in SCW primarily 4 through C-H bond scission to a hydroxymethyl radical (CH2OH) or O-H bond scission to a methoxy radical 5 (CH3O) followed by loss of an additional H to reach formaldehyde (CH2O). Formaldehyde was proposed 6 to decompose to CO and H2 or to reach formic acid (HCOOH) via oxidation with an OH radical. A minor 7 pathway to methane via the formation of a methyl (CH3) radical by C-O bond scission is also proposed. 8 9
Ethanol Gasification 10
Schanzenbächer et al. [16] gasified ethanol in a continuous SCWR at temperatures from 433 to 494 11 °C, constant pressure of 24.6 MPa, and residence times from 2 to 12 s. Maximum conversion was reported 12 as 16.5%; only acetaldehyde (C2H5O) was identified as a reaction product. 13 Arita et al.
[17] studied non-catalytic reaction pathways of ethanol in a batch SCWR. Temperatures 14 from 450 to 500 °C were maintained for 10 to 60 minutes, with primary reaction products identified as H2, 15 CH4, and CO2, and minor yields of CO, acetaldehyde, ethylene, and ethane. Two competing reaction 16 pathways were proposed: (i) dehydrogenation of ethanol to acetaldehyde followed by acetaldehyde 17 decomposition to CO and CH4, or (ii) dehydration of ethanol to ethylene followed by hydrogenation of 18 ethylene to ethane. Global reactions for the two pathways are as follows: 19
Chakinala et al. [12] hypothesized ethanol decomposition pathways via batch reactor studies. Like 25 methanol, O-H or C-H bond scission is theorized as the dominant mechanism to produce acetaldehyde. At various points in the proposed reaction network, the C-C bond can be broken, forming a methyl radical, 1 which ultimately forms CH4. The proposed network is based on observed yields of H2, CO, CO2, CH4, and 2 ethane. The experiments conducted in this study are meant to fully elucidate the dominant reaction 14 mechanisms involved in primary alcohol decomposition in SCW. While previous studies have roughly 15 defined the reaction networks, many discrepancies exist, and the conditions necessary for full conversion 16 of alcohols in a continuous reactor are still largely unknown. For practical relevance, a continuous reactor 17 is used, and in situ Raman spectroscopy allows for collected product yield data after reactions at short 18 residence times. 19 20
Material and Methods 21
A continuous, tubular SCWG reactor is used to perform all experiments, manufactured from 22
Inconel 625 with a surface-to-volume ratio (S/V) of 13.1 cm -1 . Pure methanol, ethanol, or IPA were 23 continuously introduced into the SCWG reactor at an overall volumetric loading of 10 vol%, corresponding 24 to 8.09 wt%, 8.06 wt%, and 8.03 wt% initial respective mass fractions. All reagents were used as received 25 without further purification. The reactor components and design methodology have been described 26 thoroughly elsewhere [9, 10] . Briefly, a custom mixing section is used to inject cold reagent into a bulk 1 flow of supercritical deionized water, as shown in Figure 1 . A 1:9 volumetric flow ratio of reagent:water is 2 selected to achieve rapid mixing and heating as detailed in Tiwari et al. [11] . Post-critical injection achieves 3 a well-defined reaction initiation point, and a heat exchanger rapidly quenches products after a pre-defined 4 residence time. All reactants and products exist in a well-mixed, supercritical fluid phase at reaction 5 conditions. 6
Raman spectra are collected in situ for each experimental condition, using a flow-through optical 7 cell and a fiber-optic immersion Raman probe operating in the backscatter configuration [19] . Spectra are 8 translated both to qualitative (product identification) and quantitative (molecular concentrations) data 9 relevant to understanding reaction pathways and rates. Indirect hard modeling (IHM) is used for accurate 10 quantitative Raman spectroscopy for calculating product yields [20, 21] . PEAXACT spectral processing 11 software is used to perform IHM. Quantitative calibration of Raman spectra was achieved via an indirect 12 methodology closely aligned with that described by Beumers et al. [22] where an elemental balance of 13 reactor inputs and outputs is used to achieve calibration. 14 Experimental temperature was varied from 500 to 560 °C, with residence times from 3 to 8 s for 15 each alcohol at each temperature. Residence times were varied by changing the flow rates of water and 16 reagent, using the density of water at reaction conditions and the known internal volume of the reactor to 17 calculate necessary mass flow rates for a given residence time. Real-time variations in the Raman spectra 18 were used to determine when the reactor had reached steady state between each experimental condition. 19 SCWG of methanol primarily yields H2 and CO, with secondary yields of CO2 and trace 10 formaldehyde production, as shown in Figure 2 . These profiles illustrate the sequential nature of product 11 formation; H2 is detectable at 4 s, followed by CO at 5 s, and CO2 at 7 s. Formaldehyde is confirmed as a 12 short-lived reaction intermediate; however, no yields of formic acid or methane are detected. We propose 13 the global reaction network in Figure 3 , with methanol dehydrogenating to formaldehyde, followed by 14 decomposition to CO and H2, and lastly the WGS to convert CO to CO2. 15 Our results indicate that the reaction mechanisms hypothesized by Chakinala et al. [12] to generate 1 formic acid (formaldehyde oxidation) or methane (methyl radical generation) are unlikely to be active 2 during SCWG. Trace methane yields have been reported [13, 14] , but it is more likely that secondary 3 methanation reactions are responsible for this observation. The time scales and temperatures necessary for 4 methanol conversion in these experiments are similar to those reported for continuous SCWG of methanol 5 by Boukis et al. [13] and Bennekom et al. [14] . Conversion rates at similar conditions were much slower in 6 quartz batch reactors as reported by DiLeo and Savage [7] , highlighting the significance of the catalytic 7 reactor walls. 8
The WGS reaction is responsible for the observed maximum CO2 yield of 0.23 mol-CO2/mol-9
MeOH, but low yields indicate that the WGS reaction does not have sufficient residence time to reach 10 completion. Full conversion of methanol along the network in Figure 3 Figure 6 . This is followed by a significant increase in H2, CO, and CH4 yields at 5 s, 8 as seen in Figure 5 . Acetaldehyde yields continue to increase to a maximum of 0.12 mol-C2H4O/mol-EtOH 9 at 6 s, followed by a similarly paced decrease to 0.005 mol-C2H4O/mol-EtOH, confirming its role as a short-10 lived intermediate. Once sufficient H2 is generated for ethylene hydrogenation, ethane emerges as a 11 detectable product at 6 s. Finally, a CO2 yield of 0.04 mol-CO2/mol-EtOH is measured at 8 s, again resulting 12 from the WGS reaction. Figure 5 demonstrates that H2, CO, and CH4 are produced in nearly equimolar 13 quantities, reaching maximum respective yields of 0.85 mol-H2/mol-EtOH, 0.84 mol-CO/mol-EtOH and 14 0.91 mol-CH4/mol-EtOH. This supports the hypothesis that acetaldehyde decomposition is responsible for 15 the formation of CO and CH4, with molar CO yields slightly lower due to consumption via the WGS. The 1 trends described here are also observed during SCWG of ethanol at other tested temperatures; these 2 formation and decomposition profiles are available in Figures S2 and S3 . 3 considering that ethane is only produced subsequent to ethylene production. This also appears to indicate 1 that ethane dehydrogenation to ethylene is a negligible reaction under these conditions. Gasification 2 efficiency is plotted against residence time for all tested temperatures in Figure 8 . A representative Raman 3 spectrum showing reaction products is available in Figure S7 Production of H2 and acetone from IPA begin simultaneously and in nearly equimolar quantities 7 from 4 -6 s at 560 °C, as shown in Figure 9 . Acetone can subsequently decompose to several different 8 product species, which leads to its maximum observed yield of 0.72 mol-C3H6O/mol-IPA. To identify 9 acetone decomposition products, SCWG of acetone was performed at 560 °C for 8 s. The collected Raman 10 spectrum is available in Figure S9 , from which major acetone gasification products were identified as acetic 11 acid and CH4, with minor yields of H2, CO, CO2, ethylene, and ethane. The formation of acetic acid from 12 IPA at 7 s in Figure 9 supports this observation, as does the minor production of methane in Figure 10 . The 13 observed product formation profiles suggest the proposed acetone decomposition pathways presented in 14 Figure 11 : IPA decomposition network in SCW Similar to ethanol, we propose that IPA decomposes via competing dehydrogenation and 1 dehydration reaction pathways, as presented in Figure 11 . Many of the reaction pathways are inferred from 2 previous knowledge, such as ethylene hydrogenation and the WGS reaction. Acetic acid is a known 3 refractory SCWG product, thus its decomposition to gaseous products is unlikely to be significant. 4
Gasification efficiency is plotted against residence time for all tested temperatures in Figure 12 . 5 GE is drastically lower for SCWG of IPA than methanol or ethanol, due to the formation of acetone and 6 acetic acid in significant quantities. Decomposition and formation profiles of IPA reaction products at all 7 tested temperatures are available in Figures S4 and S5 . A representative Raman spectrum of IPA 8 decomposition products is presented in Figure S8 . 9 10
Discussion 11
The use of in situ Raman spectroscopy allows us to perform experiments with much shorter 12 residence times than most previous studies. From the resulting decomposition profiles, we infer that the 13 primary mechanisms driving the decomposition of alcohols in SCW are chain-branching, free radical 14 reactions. Based on reaction profiles which consistently show a reaction induction time between 3 and 8 s, 15
we conclude that radical pooling is a key step facilitating alcohol decomposition. The importance of free 16 radical reactions to SCWG chemistry is not particularly surprising, but it is important to consider the chain-17 GE   500°C  510°C  520°C  530°C  540°C  550°C  560°C branching behavior further, as several previous studies have assumed first-order reaction kinetics for 1 modeling alcohol decomposition in SCW. The next step is to distinguish between reaction initiation steps, 2 propagation steps, and termination steps, considering experimental results presented here and in previously 3 mentioned studies. 4
Previous modeling and experimental work have shown that oxidation chemistry of alcohols in SCW 5 is closely analogous to oxidation chemistry of alcohols under standard combustion conditions [23] . It 6 follows that reactions of alcohols in SCW without an oxidant would involve similar mechanisms as those 7 already described in the pyrolysis and combustion literature involving homolytic dissociation reactions and 8 non-oxidative radical chain reactions. 9 10
Reaction Initiation Mechanisms 11
The most probable reaction initiation step during non-catalytic SCWG is homolytic dissociation of 12 the parent alcohol via scission of the weakest bond, namely the C-O (methanol) or the C-C (ethanol and 13 IPA) bond. However, Chakinala et al. [15] reported that alcohols are mostly stable in SCW up to 600 °C in 14 the absence of a catalysts, which is mostly confirmed by the long conversion times reported in other batch 15 studies in this temperature region [7, 17] . Thus, homolytic dissociation is not a likely initiation step during 16 continuous SCWG at 500 to 560 °C. Much more likely is that radicals are initially generated through 17 adsorption and decomposition mechanisms on the catalytic surface of the reactor walls. This adsorption and 18 decomposition step is thought to proceed through adsorption of an H from the parent hydrocarbon onto the 19 catalytic surface, followed by release of the remainder of the parent molecule back into the bulk flow in the 20 form of a highly-reactive free radical [10, 24] . 21
If homolytic dissociation of ethanol or IPA were key initiation steps, this would initially generate 22 methyl radicals in the bulk flow through C-C bond scission, leading to yields of CH4 and ethane prior to 23 observable yields of ethylene, acetaldehyde, or acetone. However, this is not the behavior observed in these 24 experiments. For SCWG of ethanol, methane is only observed after significant formation of acetaldehyde.
As further evidence for this hypothesis, alcohol combustion studies have shown that homolytic 1 dissociation of methanol to methyl (CH3) and hydroxyl (OH) radicals through C-O bond cleavage is a 2 negligible reaction mechanism [25, 26] . The absence of CH4 and ethane as products from methanol SCWG 3 indicates that this finding holds in SCW environments, as both would be present as reaction products if 4 methyl radicals were formed in the reaction environment. It follows that C-O bond cleavage during SCWG 5 of ethanol and IPA would also be negligible. 6 initial catalytic H abstraction most probably forms CH2OH radicals. A less probable step is also available, 11
via O-H scission to CH3O. Both of these steps are consistent with the mechanism proposed by Chakinala 12 et al. [12] . Each radical rapidly reaches formaldehyde through an additional H abstraction step, generating 13 a growing radical pool and propagating the chain-branching reaction. Formaldehyde rapidly reacts to CO 14 and H2; aldehydes are highly sensitive to radical attack and are short-lived at the conditions tested [26] . 15
In the case of ethanol, Norton all of which produce more free radicals in the reaction environment to speed the initial H abstraction step. 24
No formaldehyde was detected during SCWG of ethanol; it is likely that it decomposes to CO and H2 too 25 quickly to be detected.
It is reasonable to extrapolate dominant IPA mechanisms based on methanol and ethanol 1 mechanisms. The C3 chain affords four potential C3H7O isomers after H abstraction from the parent IPA 2 molecule. If the reaction behavior is similar to ethanol, (and the similarity of the reaction network and 3 decomposition profiles seems to indicate that it is), these isomers could plausibly react via the following 4 reactions: 5
Acetone is the dominant intermediate from IPA decomposition. Similar to formaldehyde and 10 acetaldehyde, the C=O double bond in the acetone molecule is stable under SCWG conditions. Acetone 11 decomposition in SCW must proceed through C-C bond scission, forming a methyl radical and a 12 methylcarbonyl radical (C2H3O). The methylcarbonyl radical can hydrolyze to form acetic acid and an H 13 radical, which appears to be the favored acetone reaction pathway. The presence of methyl radicals can 14 explain the major yield of CH4 from SCWG of acetone, and the minor yields of ethane and ethylene. 15
Because the molar yields of acetic acid are consistently higher than the molar yield of CH4, it seems highly 16 unlikely that acetone can simultaneously lose both methyl radicals along the hydrogenation pathway in 17 Figure 9 ; however, it is included for completeness. 18 19 
Reaction Termination Mechanisms 20
Stable end-products during the SCWG of all alcohols studied include H2, CO2, CH4, ethane, 21 and propane. H2 is produced through the coupling of two H radicals, either in the bulk flow or 22 through abstraction of a H atom via a H radical. CO2 is reached through the forward WGS reaction, 23 which is favored over the reverse reaction under high-temperature, aqueous conditions. Methyl 24 radicals (likely only formed from acetaldehyde or acetone) are quick to abstract H from other 25 hydrocarbons to form stable CH4, or can combine to form ethane, although this is much less 1 probable. 2 3
Conclusions 4
Primary alcohols are gasified in SCW at temperatures between 500 and 560 °C for residence times 5 between 3 and 8 s. In situ Raman spectroscopy facilitates rapid data collection at short residence times. 6
Data collected at short residence times demonstrate the procession of chain-branching, free radical 7 mechanisms for all primary alcohols. Clearly, alcohol decomposition in SCW does not follow first-order 8 reaction behavior at these conditions. H abstraction is a key mechanism for all three alcohols studied, 9
confirmed by the dominance of dehydrogenation pathways to formaldehyde, acetaldehyde, and acetone. 10
Based on the work of DiLeo and Savage [7] , along with comparison of these results to studies performed 11 in batch reactors [12, 17] , we also propose initial H abstraction mechanisms are facilitated by the presence 12 of catalytic reactor walls. Radical pooling likely leads to further H abstraction, which is analogous to known 13 alcohol pyrolysis mechanisms and could explain high char yields witnessed during SCWG of aromatic 14 compounds. A more complete understanding of SCWG reaction mechanisms allows for prediction of 15 decomposition pathways of more complex organic compounds. 
